Objective: The 3-N-butylphthalide (NBP) comprises one of the chemical constituents of celery oil. It has a series of pharmacologic mechanisms including reconstructing microcirculation, protecting mitochondrial function, inhibiting oxidative stress, inhibiting neuronal apoptosis, etc. Based on the complex multi-targets of pharmacologic mechanisms of NBP, the clinical application of NBP is increasing and more clinical researches and animal experiments are also focused on NBP. The aim of this review was to comprehensively and systematically summarize the application of NBP on neurologic diseases and briefly summarize its application to non-neurologic diseases. Moreover, recent progress in experimental models of NBP on animals was summarized. Data sources: Literature was collected from PubMed and Wangfang database until November 2018, using the search terms including "3-N-butylphthalide," "microcirculation," "mitochondria," "ischemic stroke," "Alzheimer disease," "vascular dementia," "Parkinson disease," "brain edema," "CO poisoning," "traumatic central nervous system injury," "autoimmune disease," "amyotrophic lateral sclerosis," "seizures," "diabetes," "diabetic cataract," and "atherosclerosis." Study selection: Literature was mainly derived from English articles or articles that could be obtained with English abstracts and partly derived from Chinese articles. Article type was not limited. References were also identified from the bibliographies of identified articles and the authors' files. Results: NBP has become an important adjunct for ischemic stroke. In vascular dementia, the clinical application of NBP to treat severe cognitive dysfunction syndrome caused by the hypoperfusion of brain tissue during cerebrovascular disease is also increasing. Evidence also suggests that NBP has a therapeutic effect for neurodegenerative diseases. Many animal experiments have found that it can also improve symptoms in other neurologic diseases such as epilepsy, cerebral edema, and decreased cognitive function caused by severe acute carbon monoxide poisoning. Moreover, NBP has therapeutic effects for diabetes, diabetes-induced cataracts, and non-neurologic diseases such as atherosclerosis. Mechanistically, NBP mainly improves microcirculation and protects mitochondria. Its broad pharmacologic effects also include inhibiting oxidative stress, nerve cell apoptosis, inflammatory responses, and anti-platelet and anti-thrombotic effects. Conclusions: The varied pharmacologic mechanisms of NBP involve many complex molecular mechanisms; however, there many unknown pharmacologic effects await further study.
Introduction

3-N-butylphthalide (NBP) comprises a family of optical isomers that includes l-3-N-butylphthalide (l-NBP), d-3-Nbutylphthalide (d-NBP), and dl-3-N-butylphthalide (dl-NBP)
. [1] L-NBP is one of the chemical constituents in celery oil, whereas dl-NBP is synthetic and an important neuroprotective drug for the treatment of neurologic diseases. Its chemical formula is C 12 H 14 O 2 and molar mass is 190.24 g/mol. Dl-NBP is a fat-soluble substance that can freely pass across the blood-brain barrier. Further, it is absorbed rapidly, with a peak blood concentration seen at 1.25 h. Moreover, it has a long-lasting pharmacologic effect, as the elimination half-life of dl-NBP is 11.84 h. Its main target organs are brain and adipose tissue, and dl-NBP undergoes extensive metabolism in the human body; the major metabolites of this compound in human plasma were found to be 3-OH-NBP, 10-OH-NBP, 11-COOH-NBP, and 10-CO-NBP.
The main pharmacologic effects of NBP include reconstructing microcirculation, protecting mitochondrial function, inhibiting oxidative stress, inhibiting inflammatory responses, and inhibiting neuronal apoptosis. It has also been found to have effects including anti-platelet aggregation, anti-thrombosis, and anti-atherosclerosis. The role of NBP in reconstructing microcirculation and protecting mitochondrial function can improve the pathologic process of ischemic stroke with multiple targets. NBP is now more and more clinically used in the treatment of ischemic stroke. Secondly, the study found that NBP has a corresponding effect on the treatment of some neurodegenerative diseases such as Alzheimer disease (AD), dementia, amyotrophic lateral sclerosis, and dyskinesia diseases such as Parkinson disease, as well as other neurologic diseases such as carbon monoxide (CO) poisoning, traumatic central nervous system injury, autoimmune disease, and seizures, but there is less clinical application of NBP in the above diseases. As a result, there is still much room for its development in clinical application. Even in non-neurologic diseases, studies have found that NBP has certain effects on diabetes, diabetic cataract, and atherosclerosis. Due to the diverse targets of NBP, more and more researchers are focusing on its animal experiments and clinical experiments.
Butylphthalide and its effect on reconstructing microcirculation
Numerous studies have shown that dl-NBP facilitates reconstruction of the microcirculation, during which it can reduce arachidonic acid (AA) content. Leukotriene is a metabolite of AA, of which leukotriene B4 is an important mediator of various inflammatory reactions and is involved in the development of atherosclerosis. [2] Studies have found that aggregation of isolated platelets induced by AA, adenosine diphosphate (ADP), and collagen can be inhibited by l-NBP. [1] Study also found that NBP inhibits human platelet phosphodiesterase and elevated 3,5-cyclic adenosine monophosphate levels in platelets. [3] In addition to exerting anti-platelet and anti-atherosclerosis effects in stroke, it expands blood vessels and improves cerebral blood flow. It can improve nitric oxide (NO) and PGI2 contents in cerebral vascular endothelial cells, and NO and PGI2 are important vasodilators. In an experimental study on ischemia-reperfusion (I/R) in rats, NBP was found to increase the PGI2/thromboxane A2 (TXA2) ratio, and consequently PGI2 exerted functional effects on blood vessel dilation to improve perfusion during ischemic brain tissue. [4] TXA2 is a thromboxane commonly used as a vasoconstrictor to activate platelets and aggregate them. In another study, NBP was also found to reduce thrombin or collagen-induced TXA2 synthesis by inhibiting cytosolic phospholipases A2 (cPLA2) phosphorylation, which was accompanied by a significant decrease in intracellular calcium mobilization. [3] This mechanism would play a role in anti-platelet aggregation and the improvement microcirculation. [3] NBP also inhibits the release of free radicals and improves the activity of anti-oxidant enzymes during ischemic cerebral injury. [5] Such pharmacologic actions would ultimately produce a series of effects including protecting the integrity of vascular structure and restoring vessel diameter, improving local microcirculation, and increasing blood flow and the number of capillaries during cerebral ischemia [ Figure 1 ].
Butylphthalide and its effect on protecting mitochondrial function
Regarding the protection of mitochondrial function, early animal studies showed that dl-NBP improves the activities of Na/K-ATPase and Ca-ATPase in the mitochondrion. As is known, Na/K-ATPase and Ca-ATPase are important Chinese Medical Journal 2019;132 (12) www.cmj.org enzymes that maintain cell membrane potential and participate in material transportation to regulate cell volume [ Figure 2 ]. NBP can maintain mitochondrial membrane fluidity and the stability of the mitochondrial membrane, preventing mitochondrial swelling. [6] Previous studies have also shown that NBP might act directly on mitochondrial complex IV to increase its activity. [7] Studies have also found that NBP suppresses the release of cytochrome c in cells after ischemia in mice. [8] Another study found that NBP can increase cytochrome c oxidase levels. [9] It is known that cytochrome c is present in mitochondria. On the mitochondrial inner membrane, this protein represents a link in the electron transfer of redox reactions, and NBP exerts its effects by modulating mitochondrial redox. [7, 8] (S)-ZJM-289 is a novel NO release derivative of NBP, which has stronger anti-platelet and anti-thrombotic effects than NBP. In oxygen-glucosedeprivation/reperfusion (OGD/R), also known as the in vitro ischemia model, the carbon dioxide and oxygen (O 2 ) concentrations in the incubator are precisely controlled by direct introduction of nitrogen (N 2 ) and the neuronal growth medium is deprived of sugar at the same time, thereby causing the environment of cultured neurons to be hypoxic and sugar deficient, simulating the body's condition of cerebral ischemia. [10] (S)-ZJM-289 attenuates OGD/R-induced neuronal damage and prevents mitochondrial membrane depolarization by reducing intracellular calcium overload and reactive oxygen species (ROS) accumulation. [10] Moreover, it retains the activity of the respiratory chain complex. [9] Butylphthalide and Diseases Application of NBP in clinical practice is becoming increasingly extensive for the treatment of nervous system diseases. In addition, it might be beneficial for some nonneurologic diseases. NBP was originally a drug used to treat ischemic stroke, which is the leading cause of death and long-term disability in China, [11] seriously affecting daily life and health. Since 2002, NBP has been approved by the Chinese Drug Administration for the treatment of cerebral ischemia in clinical trials. Second, NBP also has beneficial effects on AD, an incurable disease for which there are no treatment options capable of stopping or reversing its progression. [12] NBP, due to its neuroprotective effects, represents a multi-targeted approach to treat the pathology of AD, as demonstrated by several studies. In addition to its effect on several common neurologic diseases, NBP also has beneficial effects on vascular dementia (VaD), Parkinson disease, and brain Chinese Medical Journal 2019;132 (12) www.cmj.org damage after CO poisoning; studies have even found that NBP can suppress pathogenesis and play a neuroprotective role in cerebral edema, epilepsy, nervous system trauma, and autoimmune diseases. Moreover, in recent years, there has been an increase in research on the effects of NBP on non-neurologic diseases. This review focuses on the specific mechanism of NBP in neurologic diseases, and also mentions the possible mechanism of NBP in nonneurologic diseases.
Butylphthalide and Stroke
Cerebral infarction is caused by the reduction or cessation of blood flow in the local blood supply artery of the brain tissue. This reduction of blood flow results in ischemia and hypoxia of the corresponding brain tissue, leading to necrosis and softening of the tissue. The main pathophysiologic mechanisms of cerebral infarction include vascular stenosis, occlusion, and brain microcirculation ischemia, and hypoxia caused by thrombosis, causing energy metabolism disorder and apoptosis. NBP can play a series of roles, such as improving local microcirculation, protecting mitochondrial function, improving energy metabolism, and inhibiting neuronal apoptosis to treat ischemic stroke.
Butylphthalide and local microcirculation
Over the past several decades, multiple studies have demonstrated that NBP can block multiple pathologic processes associated with ischemic cerebral injury caused by stroke and significantly improve local microcirculation, increasing blood flow and the number of capillaries in the ischemic area. [8, [13] [14] [15] [16] NBP can reduce the content of AA and increase NO and prostaglandin I2 (PGI2) levels in cerebral vascular endothelial cells. NO and PGI2 are molecules that can expand blood vessels, and expanding blood vessels in the area of cerebral infarction can improve local blood perfusion. Moreover, NBP can up-regulate the expression of vascular endothelial growth factor, promote the formation of new blood vessels, and increase the number of new capillaries in the ischemic area to improve microcirculation. NBP and NBP derivatives specifically inhibit AA-induced platelet aggregation. [17] Specifically, the compound NOSH-NBP-5 is a derivative of NBP and inhibits AA-and ADP-induced platelet aggregation in vitro. In addition, it can mediate the release of moderate levels of NO and hydrogen sulfide, which helps to improve cardiovascular and cerebral circulation. Further, NBP inhibits thrombus formation in a dosedependent manner, and l-NBP was found to be the most effective of all NBP isomers. [18] This compound significantly protects mice from collagen-and adrenalineinduced thrombosis. [1] When 100 mg/kg of l-NBP was orally administered to rats, the bleeding time was increased 2.1-fold compared to that in the control group. [1] At the same dose, ex vivo platelet aggregation induced by ADP, collagen, and AA was inhibited and an anti-thrombotic effect was also observed. [1] Regarding the protection of microvessels, studies have found that NBP attenuates oxygen glucose deprivation (OGD)-induced mitochondrial superoxide, peroxynitrite formation and decreases superoxide dismutase (SOD) activity, mitochondrial rupture, and loss of mitochondrial membrane potential. [1] In a study model of human umbilical vein endothelial cells, it was found that NBP may increase the expression of hypoxia-inducible factor-1a (HIF-1a) induced by OGD. Generally, when cells are exposed to OGD, the expression of HIF-1a is increased, but the level of HIF-1a is further increased after treatment with NBP, which is a transcriptionally active nuclear protein whose activity involves angiogenesis. Therefore, its enhanced expression promotes blood vessel growth and increases local circulating blood volume. [19] Similarly, in another study, the expression of vascular endothelial growth factor (VEGF) and HIF-1a was up-regulated after NBP treatment within 24 h of ischemic stroke, and angiogenesis was enhanced to rescue brain tissue. [15] Butylphthalide and mitochondrial function Experiments have shown that NBP can increase the activity of Na + -K + ATPase and Ca
2+
-ATPase in the mitochondrial membrane. These enzymes maintain electrolyte stability inside and outside the mitochondrial membrane, maintaining membrane stability, participating in material transport, and also maintaining cell volume. BNP significantly improves the decrease in neuronal mitochondrial complex IV activity induced by low glucose and hypoxia, increasing the activity of SOD and glutathione peroxidase (GSH-Px) in mitochondria, and increasing the content of malondialdehyde (MDA) in mitochondria. All of these effects play an important role in maintaining mitochondrial function and improving energy metabolism. [8, [12] [13] [14] [15] Studies have also shown that BNP can reduce the release of cytochrome c in mouse cells and increase the activity of cytochrome c oxidase and suppress caspasedependent apoptosis. [8, 20] In one study, NBP was found to inhibit the production of ROS by inhibiting nicotinamide adenine dinucleotide (NADH)-pan-quinone oxidase. Since NADH-pan-quinone oxidase is located in the mitochondrial layer and is highly enriched with glial cells, it has also been found that the anti-ROS effect of NBP depends on glial cells rather than neurons. [7] The study concluded that NBP can modulate the function of NADH-ubiquinone oxidoreductase by competitively embedding itself into the complex, further affecting mitochondrial respiration during cerebrovascular disease. [7] NBP can also increase the rate of adenosine triphosphate (ATP) metabolism in permanent middle cerebral artery occlusion (pMCAO) rats, and it was found that the content of glutamic acid and glutamine in the brain tissue of these animals was increased after treatment with NBP. [21] In addition, the level of aspartic acid in the brain tissue of these rats was also increased. It is further speculated that NBP might increase the rate of malate passage in pMCAO rats. [21, 22] Butylphthalide and other effects on ischemic stroke NBP has an important effect in decreasing brain edema, preserving the blood-brain barrier (BBB), and increasing the level of circulating endothelial progenitor cells. [8, [12] [13] [14] [15] It can also reduce oxidative damage and neuronal apoptosis and inhibit inflammatory responses. [8, [12] [13] [14] [15] The inflammatory response plays an important role in ischemic brain injury and NBP can up-regulate hepatocyte Chinese Medical Journal 2019;132 (12) www.cmj.org growth factor, down-regulate Toll-like receptor 4 (TRL4), and inhibit activation of the TRL4/nuclear factor kb (NFkb) pathway to exert its anti-inflammatory effect, which plays a role in brain protection. [23] One study found that cerebral I/R injury induces the phosphorylation of extracellular-regulated protein kinases (ERKs); phosphorylated ERK (pERK) further induces the phosphorylation of Golgi reassembly stacking protein 65 (GRASP65), and this molecule promotes the inflammatory response and oxidative stress. It was also found in this study that NBP can reduce levels of pERK, thereby reducing inflammation and oxidative stress to exert neuroprotective effects. [24] In a rat model of I/R, comparing a BNP group to a sham-operated group, we found that NBP could significantly reduce infarct size, apoptosis, BBB damage, and water content. In addition, we found that it could reduce ROS and MDA levels in the brains of rats with cerebral I/R injury and increase SOD activity in brain tissue. Results showed that NBP could also inhibit p38 and c-Jun N-terminal kinase (JNK) expression and protect the brain from I/R damage. [24] Moreover, NBP can up-regulate the expression of heat shock protein 70 (HSP70) to prevent neuronal I/R injury by inhibiting neuronal apoptosis. [25] Studies have also shown that this compound can inhibit apoptosis by modulating caspase-3, caspase-9, and B-cell lymphoma-2 (Bcl-2) levels and inhibit the mitogenactivated protein kinase family and phosphatidylinositol 3-kinase (PI3K)/protein kinase B signaling, which has an anti-apoptotic role. [26] In addition, NBP can increase the mRNA and protein expression of VEGF and transforming growth factor-b1 in the infarct region of a rat cerebral infarction model, suggesting a possible mechanism through which this molecule can protect ischemic brain tissue. [27] As stated, in 2002, NBP was approved by the China Food and Drug Administration for clinical trials for the treatment of cerebral ischemia. [28] According to the results of a recent clinical trial, the efficiency of NBP for the treatment of ischemic cerebrovascular disease is as high as 74.7%, with a low incidence of adverse reactions. [29] Further, a series of studies has shown that NBP is safe for clinical treatment. Although the pharmacologic mechanism of NBP in ischemic stroke has not been fully elucidated, it is expected that the use of this drug will increase for the treatment of stoke because of its effects on multiple pathologic processes associated with ischemic cerebral injury, in addition to its efficacy.
Butylphthalide and Alzheimer Disease
Synapse impairment in the AD brain is an early event leading to cognitive dysfunction. [30] Most oxidative stress localizes to the synapse, and synapse loss is the basic cause of cognitive decline during this disease. [30] In one study, dl-NBP was found to reduce oxidative stress and ameliorate synaptic plasticity. [31] It was also found to diminish levels of soluble amyloid beta and amyloid beta oligomers in the Sprague-Dawley (SD) rat brain. [31] However, in the AbPPswe/PS1dE9 (AbPP/PS1) mouse model, Peng et al [32] found that l-NBP had no effect on Ab plaque deposition in the brain and Ab levels in brain homogenates, but they did note a reduction in tau hyperphosphorylation at Ser199, Thr205, Ser396, and Ser404, as well as down-regulation of tau-related kinase phosphorylation. Some studies have also found that the number of synapses and spines in hippocampus regions increases following treatment with l-NBP and that this change can be attributed to anti-oxidative and antiinflammatory mechanisms. [32] In previous experiments, NBP was found to inhibit activation of the domain-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome, and enhance the interaction between thioredoxin-interacting protein (TXNIP) and NLRP3 by up-regulating nuclear factor erythroid 2-related factor 2 (Nrf2). [33] It is also speculated that disruption of the Nrf2-TXNIP-TXNIP-thioredoxin (TrX) system might be involved in the imbalance of cellular redox homeostasis in the AD brain and the pathologic process of inflammatory injury. [33] Moreover, it was found that NBP can partially reverse the increased expression of caspase-3, caspase-9, and cytochrome c induced by Ab25-35, and downregulate the anti-apoptotic protein Bcl-2, significantly suppressing Ab25-35-induced mitochondrial dysfunction. [34] NBP also attenuates Ab-induced astrocyte activation and neuroinflammation by inhibiting the NFkB signaling pathway. [35] In the study of hydrogen peroxide (H 2 O 2 )-induced neuronal injury, the protective effect of l-NBP on neural stem cells (NSCs) induced by H 2 O 2 -induced neurologic injury and its possible mechanism were evaluated. [36] The results indicate that l-NBP increases the proliferation of NSCs by up-regulating cyclin D1, and PI3K/Akt may be a possible target for this process. [36] Immunofluorescence staining in this experiment showed that l-NBP can promote the differentiation of NSCs into neurons. L-NBP protects H 2 O 2 -induced damage in NSCs by promoting proliferation, migration, and neural differentiation of NSCs, suggesting that l-NBP may provide a new entry point for the treatment of AD. [36] Synaptophysin (SYN) and post-synaptic density 95 (PSD-95) are markers of pre-synaptic and post-synaptic terminals, respectively, which represent the structural basis of learning and memory plasticity. SYN not only directly affects synaptic structure, but also may affect synaptic plasticity by regulating neurotransmitters [37] PSD may regulate the structure of synaptic connections and transmit membrane receptor signals by interacting with various proteins. [38, 39] Accelerated aging mice constitute an accelerated aging animal model based on aging rather than genetic mutations. The senescence-accelerated mouse (SAM) consists of a SAM-producing strain (SAMP) and an accelerated aging mouse-resistant strain. [40] After 3 months of administration of dl-NBP, the levels of SYN and PSD-95 in SAMP 8 mice were significantly elevated. [41] In addition, the brain-derived neurotrophic factor (BNDF)/tropomyosin-related kinase B (TrkB) signaling pathway forms and consolidates memory by regulating synapse formation and plasticity. [41] BNDF and TrkB levels are significantly reduced in SAMP 8 mice, but dl-NBP treatment significantly increases both of the above in SAMP 8 mice. [41] Long-term dl-NBP therapy may reduce cognitive decline in SAMP 8 mice by enhancing BDNF/TrkB signaling pathway through the regulation of structural synaptic plasticity. [41] It has also speculated that the distribution and expression of synaptic proteins SYN and PSD-95 may be regulated by the BDNF/ TrkB signaling pathway. [42, 43] Similarly, in a study by Lei et al, [44] l-NBP significantly increased the expression of Chinese Medical Journal 2019;132(12) www.cmj.org BDNF and nerve growth factor in the hippocampal of APP/PS1 mice, and increased tyrosine and Akt phosphorylation and activation of Akt signaling pathway. At the same time, the proliferation, migration, and differentiation of hippocampal NSCs were also enhanced. [44] This study suggests that l-NBP may enhance the proliferation and activation of hippocampal stem cells by mediating the activation of BDNF/TrkB/cyclic adenosine monophosphate-response element binding protein/ Akt signaling pathway. It is therefore beneficial for treating AD. [44] However, NBP treatment for AD is still in the trial stage and the therapeutic effects and pharmacologic mechanisms of this drug in AD remain to be elucidated. [45] Regardless, NBP could represent an etiologic treatment for AD.
Butylphthalide and Vascular Dementia
Several studies have also shown that NBP might be effective for the management of dementias such as VaD. Recent studies have also shown that NBP is also effective for vascular cognitive dysfunction without dementia. [46, 47] The main pathologic mechanism of VaD is related to the post-cleavage release of amyloid precursor protein amyloid beta peptide (AB1-40) and AB1-42. [48] Increasing evidence suggests that VaD is associated with a group of diverse pathologies affecting cerebrovascular circulation. [49] The restoration of blood flow after cerebral ischemia is the most important way to prevent irreversible tissue damage, but it can also lead to tissue damage. [50] VaD can be caused by excitotoxicity, oxidative stress, and inflammatory reactions after I/R. Previous studies had shown that l-NBP can improve cognitive function and decrease neuronal damage. In addition, a recent study also showed that l-NBP can increase the phosphorylation of Akt in the hippocampus. [50] The Akt signaling pathway is important for the pathogenesis of degenerative diseases. [51] For example, it was found that activating this pathway might have neuroprotective effect through the suppression of neuronal death after stroke. [51] Studies have also found that l-NBP can increase the expression of brain neurotrophic-derived factor, TrkB, PI3K, and Akt in the hippocampus of APP/PS1 transgenic mice and improve memory impairment in mice. [52] In chick embryo chorioallantoic membrane tests, the expression of growth factors, VEGF, VEGF receptor, and basic fibroblast growth factor (BFGF) are increased after treatment with NBP, suggesting that NBP might improve VaD by promoting angiogenesis. [53] Further, the effect of NBP treatment on VaD might be related to enhanced levels of energy metabolism in brain cells, thus promoting anti-oxidant effects and reducing the damage to neurons mediated by oxygen-free radicals. [54] Experiments have shown that NBP can increase antioxidant enzyme activity, such as that of SOD, [54] the most important anti-oxygen-free radical enzyme in the body, which can eliminate free radicals generated during human metabolism. SOD is also an indicator of free radical scavenging ability. NBP can also decrease the level of MDA, a marker of lipid peroxidation metabolism, as well as toxicity of the final products. Its content directly reflects the in vivo rate of lipid peroxidation and can indirectly reflect the severity of oxygen-free radical damage to tissues and cells.
Butylphthalide and Parkinson Disease
The pathogenesis of Parkinson disease comprises the loss of dopaminergic neurons in the substantia nigra pars compacta, [55, 56] and includes oxidative stress, mitochondrial dysfunction, calcium overload, and excitotoxic amino acid toxicity. Some targets of NBP coincide with the major pathologic pathways of Parkinson disease. In one study, SD rats were treated with rotenone to simulate Parkinson disease, and those rats were randomly divided into an NBP treatment group and a control group. [57] The level of GSHand the activity of SOD in the brain tissue of the treatment group were found to be significantly increased; however, the level of MDA was decreased and the number of tyrosine hydroxylase (TH)-positive cells in the substantia nigra was significantly increased. [57] The number of TH-positive cells is the most important pathologic indicator of whether a drug has dopaminergic activity and neuroprotective effects. [57] Thus, this study provides evidence that NBP could be used for Parkinson disease treatment. [57] In the Parkinson disease model induced by 1-methyl-4-phenylpyridinium ion (MPP + ), NBP was found to enhance the colocalization of a-synuclein with microtubule-associated protein light chain 3 (LC3) and up-regulate protein levels of LC3-II, suggesting that NBP can protect PC12 cells against MPP + -induced neurotoxicity by activating the degradation of a protein via autophagy. [58, 59] 
Butylphthalide and Brain Edema
There is less literature regarding the effect of NBP on the treatment cerebral edema secondary to cerebral infarction. The permeability of the BBB plays an extremely important role in brain edema. Brain damage usually causes damage to the BBB, especially related to ischemic stroke. [60, 61] Pathologic factors disrupt the integrity of the BBB by disrupting the normal function of endothelial cells and reducing the production of tight junction proteins. [62] VEGF or BFGF can enhance the function of endothelial cell membrane after injury, thereby restoring the function of BBB. [63] The recovery of BBB function can significantly reduce brain edema formation and cell damage. [63] In a rat model of cerebral edema after concussion brain injury, it is speculated that NBP can also repair the function of BBB by increasing the content of VEGF or BFGF in brain edema tissue, thereby reducing brain edema. [64] Matrix metalloproteinase 9 (MMP-9) is an enzyme that can destroy the BBB by degrading the extracellular matrix, whereas tissue inhibitor of metalloproteinasis 1 (TIMP-1) is a specific inhibitor of MMP-9. In a study of cerebral edema secondary to ischemic cerebral infarction using SD rats, NBP was found to significantly decrease the expression of MMP-9 and increase the expression of TIMP-1. [21] As a result, the permeability of the BBB was reduced, and brain edema was suppressed. [21] It was also found that NBP can protect the BBB by alleviating damage due to oxygen-free radicals and improving brain blood circulation. [6] NBP is also effective for brain edema secondary to CO poisoning, and it might alleviate brain edema by inhibiting the downregulation of ZO-1 and claudin-5 proteins, which preserve the barrier function. [65] Chinese Medical Journal 2019;132 (12) www.cmj.org
Butylphthalide and Cognitive Dysfunction in Rats after Acute Severe CO Poisoning
In recent years, an increasing number of studies have determined the effects of NBP on cognitive dysfunction in rats after acute severe CO poisoning. As is known, CO poisoning can cause serious cognitive impairment. The expression of calpain 1 and calmodulin-dependent protein kinase II (CAMKII) protein increased after CO exposure and these molecules can lead to cognitive impairment. Some researchers have found that calpain 1 and CAMKII levels are decreased in CO-poisoned rat brain tissue after NBP treatment. [66] Thus, they speculated that NBP can improve cognitive impairment caused by CO poisoning. [66] NBP also maintains the integrity of the hippocampal ultrastructure [67] and can play a neuroprotective role with respect to brain damage after acute CO poisoning. This is achieved by improving mitochondrial function and balancing the expression of anti-apoptotic and proapoptotic genes, which might be related to the fact that NBP treatment can up-regulate Bcl-2 and down-regulate Bax mRNA expression. [68] Further, one study showed that this drug might inhibit neuronal apoptosis and downregulate the expression of Nogo and NgR1, consequently protecting brain tissue upon exposure to CO poisoning. [69] Compared to those with hyperbaric oxygenation therapy, the combination of NBP and hyperbaric oxygen can significantly increase the mini-mental state examination (MMSE) score and reduce the National Institute of Health stroke scale (NIHSS) score in patients with CO poisoning; MMSE and NIHSS scores are the most commonly used rating scales for stroke patients. [70] Butylphthalide and Traumatic Central Nervous System Injury In one study, NBP was found to alleviate secondary spinal cord injury by inhibiting endoplasmic reticulum stressinduced apoptosis, thereby promoting neurologic and locomotor functional recovery. This was associated with the up-regulation of endoplasmic reticulum stress-related proteins such as the 78,000 glucose-regulated protein, activating transcription factor 6 (ATF-6), ATF-4, protein disulfide isomerase (PDI), x-box-binding protein-1 (XBP-1), and CCAAT enhancer-binding protein homologous protein (CHOP). [71] In a guinea pig model of traumatic spinal cord injury, the permeability of the blood-spinal cord barrier increased, leading to rapid entry of blood cell and plasma components into the spinal cord. [72] Researchers found that NBP can prevent the degradation of adhesion and tight junction proteins, which would diminish the permeability of the blood-spinal cord barrier. [72] NBP might also inhibit inflammation during traumatic brain injury by suppressing the up-regulation of proinflammatory cytokines such as tumor necrosis factor a (TNF-a) and interleukin 1b (IL-1b). [72] In traumatic brain injury, NBP also improves the level of BDNF, VEGF, endothelial-derived NO synthase, and matrix metalloprotein (MMP-9). [73] Butylphthalide and Autoimmune Disease
In a model of autoimmune myositis in guinea pigs, NBP was observed to improve the calcium pump activity of the muscle mitochondrial membrane and the sarcolemmal membrane, increasing the expression of Foxp3 mRNA and reducing the expression of inflammatory factors, indicating that NBP might be an effective drug to treat autoimmunity in muscle. [74] In addition, in a similar model, studies also found that NBP can act as an anti-oxidant to protect muscle mitochondria and muscle cells from oxidative damage, by enhancing SOD and catalase activity, decreasing MDA activity, and enhancing ATPase activity on the mitochondrial membrane and muscle fiber membrane. [75] Further, in a mouse model of autoimmune myelitis, NBP was found to attenuate the progression of this disease by inhibiting phosphoglycerate mutase family member 5-induced necrosis and inflammation in microglia. [76] Butylphthalide and Amyotrophic Lateral Sclerosis Amyotrophic lateral sclerosis (ALS) is a type of motor neuron disease. NBP can obviously reduce the decrease in motor unit number estimation, delaying the amplitude of gastrocnemius compound muscle action potential, slowing down the process of gastrocnemius atrophy. [77] NBP might thus play a major role in reducing the loss of nerve cells, inhibiting the expression of TNF-a, NF-kB, and P65, and improving levels of Nrf2 and heme oxygenase-1. [78] However, the exact mechanisms of ALS require further study, and the pharmacologic mechanisms associated with the effect of NBP on ALS also remain unclear.
Butylphthalide and Epilepsy
An increasing number of studies has found that epilepsy might be closely related to the function of mitochondria. Seizures can damage the function of these organelles, and mitochondrial dysfunction leads to epilepsy attacks through a series of mechanisms. Enzyme IV activity in the mitochondria of epilepsy patients is decreased significantly, and NBP can improve the activity of this protein by inhibiting calcium overload, as well as inhibiting a series of mechanisms that destroy the mitochondrial membrane structure. It has been observed that NBP can decrease neuronal hyperexcitability through post-synaptic phosphoa-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor 2 (GluA2)-lacking calcium-permeable a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors (CP-AMPARs) in a rat model of epilepsy. [79] AMPAR mediates the post-synaptic effects of glutamate in synapses. Further, NBP was found to have an anticonvulsant effect in a pentylenetetrazol-induced seizure model in vivo. [79] In the 4-aminopyridine epilepsy model, epileptic activity in the cornu ammonis 1 (CA1) region of hippocampal slices is reduced and the AMPA current is selectively regulated by post-synaptic CP-AMPARs. [79] In addition, studies have found that NBP can maintain the balance of excitation and suppression systems by reducing the levels of glucosuria (Glu) and Glu/gamma-aminobutyric acid (GABA) and relieving seizures. [80] One study showed that NBP can improve learning and memory dysfunction by mitigating neuronal loss caused by chronic epilepsy in hippocampal CA1, CA3, and dentate gyrus areas. Glutamate decarboxylase (GAD65/67) is a GABA synthase that determines GABA levels during post-natal synaptic maturation. [81] The results of our study also suggested that the antiepileptic effect of NBP might be due to the up-regulation of GAD65/67 and the reversal of neuron loss. [81] In this study, Chinese Medical Journal 2019;132 (12) www.cmj.org we found that NBP might have a therapeutic effect on anxiety and depression by increasing BDNF and Klotho mRNA levels in mice with epilepsy induced by pilocarpine. [81] BDNF is a neurotrophic factor that promotes the development of immature neurons, increases the survival and synaptic plasticity of adult neurons, and protects against depression and anxiety. [81] Using a mouse model of chronic epilepsy induced by pilocarpine, we found that NBP not only reduced the severity of epileptic seizures and abnormal electroencephalogram, but also saved cognitive and mood disorders in these epileptic mice. Possible underlying mechanisms may be related to the protective role of NBP in reducing neuronal loss and restoring the expression of synaptic proteins such as PSD-95 and GAD65/67. [82] PSD-95 is a scaffold protein associated with synaptic maturation and synaptic stability, strength, and plasticity. GAD65/67 is an important enzyme in the synthesis of GABA and a key enzyme in synaptic function. [83] [84] [85] In addition, NBP also increases transcription of the neuroprotective factors BDNF and Klotho. BDNF and Klotho are known neuroprotective factors that improve cognitive and/or mental behavior. [82, 86] These findings suggest that NBP may be a beneficial drug for treatment of epilepsy.
Butylphthalide and Non-neurologic Diseases
NBP not only has important effects on neurologic diseases, but also can function in non-neurologic diseases such as diabetes, diabetic cataract, and atherosclerosis. In Tian study, NBP was found to significantly increase SOD levels, thereby reducing TNF-a, IL-1b, and IL-6 levels in the hippocampus of NBP-treated animals, which suggests that NBP could be effective against diabetes. [87] NBP might also have a protective effect on diabetic brain damage by enhancing VEGF expression and inhibiting the key apoptosis-associated enzyme caspase-3. [88] Numerous studies have demonstrated that reactive oxygen species (ROS) have a central role in the pathogenesis of diabetic cataract. These molecules can directly disturb the physiologic function of cellular macromolecules and eventually lead to lens opacification. As is known, NBP can significantly reduce oxidative damage and up-regulate the expression of anti-oxidant enzymes. [89] In one study, NBP was found to be beneficial for the treatment of diabetic cataract by decreasing the production of ROS and blood glucose levels. [90] Some research has also found that NBP can reduce the expression of vascular cell adhesion molecule-1 in the aorta and delay the occurrence of atherosclerosis by lowering blood lipid levels and inhibiting inflammation. [90] However, the exact mechanisms through which this agent decreases blood lipid levels and blood glucose are not yet clear. The protective role of NBP in acute myocardial infarction has been recognized. [91, 92] Recent studies have also found that NBP can improve cardiac function and ventricular remodeling and inhibit ventricular arrhythmias and inhibit atrial fibrosis in a rat model of myocardial infarction. PI3k/Akt/Nrf2/anti-oxidant response element signaling pathway may contribute to its antiventricular remodeling. [93, 94] Conclusion NBP is a compound that can be extracted from celery seeds. In recent years, researchers have become interested in studying the pharmacologic effects of NBP, since its initial application for ischemic stroke has shown great promise. The most widely known pharmacologic properties of NBP include microcirculation protection, mitochondrial protection, inhibition of inflammatory responses, and the inhibition of apoptosis, as well as anti-platelet, anti-thrombotic, and endothelial progenitor cell mobilizing effects. These mechanisms essentially cover the pathogenesis of most neurologic diseases. In recent years, it has been reported that NBP has therapeutic effects on neurologic diseases and those effects involve many different molecular mechanisms including various signaling pathways. Understanding the mechanisms associated with the effect of NBP on many diseases is still in the experimental stage (using rats) and the research of different groups could elicit contradictory molecular mechanisms. These points indicate that our understanding of the pharmacologic effects of NBP is still not sufficient and also demonstrate the complexity of the molecular and pharmacologic effects of this drug. The complex and diverse molecular mechanisms associated with NBP make it a hot topic for research in addition to revealing the prospects for its future use in medicine.
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